Although it might seem unlikely that depolarization-induced plasticity --a biologically important and widespread set of adaptive phenomena --could have evolved without utilizing multiple electrical-to-chemical transduction mechanisms (i.e., transduction signals in addition to Ca 2+ ), conclusive demonstration of Ca 2+ -independent, depolarization-induced plasticity is quite challenging because it requires the nearly complete removal of an ion that not only is required for chemical synaptic transmission (the subject of most studies of neural plasticity) but also is important for cellular stress tolerance and perhaps viability (McNeil and Terasaki 2001; Williams 2006; Mattson 2007) . We have searched for Ca 2+ -independent, depolarization-induced plasticity using neurons that display surprising tolerance to extreme reduction of extracellular and intracellular free Ca 2+ levels. Nociceptive sensory neurons of the marine snail, Aplysia californica, exhibit a depolarization-induced, memory-like hyperexcitability of their axons that lasts a day or longer and depends upon local protein synthesis (Weragoda et al. 2004 
METHODS

Nerve-ganglion preparation
Aplysia californica (100-250 g; Alacrity Marine, Redondo Beach, CA) were anesthetized by injection of isotonic MgCl 2 solution (337 mM). The pedal-pleural ganglia were excised and placed in chambers with the attached posterior pedal nerve, p9, threaded through a series of connected wells (Fig. 1A) . In most experiments the nerve wells and ganglion well were filled, at least 60 min prior to treatment, with a "0Ca/EGTA" solution containing no added Ca 2+, and which we have shown to have < 100 nM free Ca 2+ by fura 2 imaging. The 0Ca/EGTA solution contained (in mM):
460 NaCl, 10.4 KCl, 1 EGTA, 66 MgCl 2 , and 10 HEPES. In some experiments the concentration of EGTA was increased to 5 or 10 mM. In LTH experiments excised ganglia and nerves were stored overnight at 16˚C in artificial seawater (ASW) containing (in mM) 460 NaCl, 11 CaCl 2 , 10 KCl, 55
MgCl 2 , 10 HEPES supplemented with 7 glucose, MEM essential amino acids and MEM nonessential amino acids (each at 0.2 x normal concentration and obtained from GIBCO), and MEM 5 vitamin solution (0.7 x normal concentration, GIBCO). Electrical test stimuli were applied to segments of nerve p9 while monitoring evoked action potentials intracellularly in the soma of a tail sensory neuron in the pleural ganglion Walters et al. 2004; Weragoda et al. 2004 MgCl 2 , and 10 HEPES. After 2 min the HiK/0Ca/EGTA solution was completely replaced with 0/EGTA solution. Intracellular measurements from sensory axons were not feasible, but when applied centrally to the soma this solution depolarized the soma to ~ 0 mV within 2-3 s. Sham controls received identical treatment, except that 0Ca/EGTA solution was reintroduced rather than HiK/0Ca/EGTA solution.
Dissociated sensory neurons
Sensory neurons were isolated using conventional methods (Schacher and Proshansky 1983).
Pleural-pedal ganglia were excised from juvenile Aplysia (10 -20 g) and suspended in L-15 containing 1% protease (Protease IX , Sigma) for about 105 -120 min at 34 o C. Ganglia were washed and transferred to a Sylgard-coated dish containing L-15 and 25% hemolymph. Individual sensory neurons with axons > 500 μm were pulled from the ganglion using a fine capillary tube and moved to a glass dish coated with poly-l-lysine (Sigma), which contained L-15 and 50% 6 hemolymph. Dishes were left at 20-22 o C in the dark 3-7 d before use. Axons in vitro received extracellular stimulation, in 0Ca/EGTA solution or ASW, at least 300 μm from the soma through a fire-polished glass pipette (1-1.5 MΩ) pressed gently against the surface of the axon. Axon spike thresholds were tested with ascending-amplitude series of 2 ms pulses. Repetitive firing was tested with ten 2 ms pulses (25 ms interpulse interval) using the threshold current. To depolarize the axons of dissociated sensory neurons, a stream of HiK solution with Fast Green dye was delivered for 2 min through a glass micropipette (5-10 μm tip diameter) by gravity feed ( Fig. 2A) 
Ca
2+ imaging
Dissociated sensory neurons were incubated in 5 μM fura 2-AM in ASW at 20-22 o C for 1 h and then washed 4 times with ASW (Wertz et al. 2006) . Neurons were left in ASW or 0Ca/EGTA solution for at least 30 min and in BAPTA-AM (10 μM) for at least 1 h before imaging began.
Fluorescence images were acquired with a Hamamatsu C2400 iCCD camera every 6-9 s. ] from intracellular calibration curves (Grynkiewicz et al. 1985) . In order to compare our results to others' we also present summary data in terms of estimated cytosolic [Ca 2+ ] based upon our calibration curves.
Drug treatments
Thapsigargin, BAPTA-AM, and A23187 were obtained from Invitrogen, and all other drugs from Sigma. In the acute studies each was applied for the entire period of the experiment, beginning at least 60 min prior to HiK or sham treatment of the nerve or axon. In a long-term study emetine was applied from 80 min before HiK or sham treatment until 2 h afterwards.
Data analysis
Data are reported as mean ± SEM, with the n's indicating the numbers of neurons tested in each condition. Comparisons between treatments of unpaired nerve or axon segments were made with unpaired t-tests. Comparisons of a single group before and after treatment were made with paired ttests. Comparisons of two groups across multiple tests were made using one-way ANOVA with repeated measures followed by Bonferroni post-hoc tests. Statistically significant differences (P < 0.05) are indicated by asterisks in each figure.
RESULTS
Induction of axonal STH and ITH by local depolarization does not require entry of Ca 2+ into the axon
We first asked if early phases of depolarization-induced hyperexcitability could be triggered in the absence of Ca 2+ entry, using both an in situ nerve-ganglion preparation and in vitro dissociated sensory neurons from Aplysia. In the in situ preparation ( fold concentration gradient to drive Ca 2+ entry. In the present study we found that axonal hyperexcitability was also expressed immediately (STH) and for at least 60 min (ITH) after Hi-K treatment in 1% [Ca 2+ ] o . The hyperexcitability was expressed as both a significant decrease in the current needed to reach axonal action potential (spike) threshold during a 50 ms test pulse (Fig. 1C, top) and an increase in the number of spikes evoked by a 1 s test pulse (Fig. 1C , bottom).
Significant decreases in spike threshold and increases in repetitive firing were also found (Fig. 1B entry following the depolarization is not needed to maintain axonal STH and ITH.
To determine whether depolarization-induced hyperexcitability that is independent of Ca 2+ entry involves signals intrinsic to the sensory axon, we dissociated sensory neurons from the ganglion along with a 0.5-1.5 mm length of the primary axon. After 3-7 d in culture, extracellular test stimuli were applied to a point on the distal half of the primary axon before and after delivery of a 2-min stream (100-200 μm wide) of a modified HiK solution (see Materials and Methods) to the tested region ( Fig. 2A) . When the depolarization and testing of single axons were conducted in ASW containing normal [Ca 2+ ] o (11 mM), axonal STH and ITH were produced, as expressed by decreased spike threshold (Fig. 2C , top) and increased repetitive firing (Fig. 2C, bottom) . ITH remained significant for both measures through 90 min of testing, although for comparison only 60 min are shown on the graph. The same transient depolarization in 0Ca/EGTA solution also produced significant reduction of spike threshold and enhancement of repetitive firing (Fig. 2B,D) .
The lack of significant effects observed following sham treatment of dissociated neurons with hypertonic 0Ca/EGTA/sucrose demonstrates that the axonal hyperexcitability produced by HiK treatment was not caused by possible osmotic effects of the hypertonic HiK solution ejected near the axon (see Methods). One significant difference was found in axons of dissociated neurons compared to those tested in the nerve; the reduction of threshold in 0Ca/EGTA solution, albeit significant, was less in vitro ( Fig. 1D ) than in situ ( Fig. 2D )(minimum thresholds during all posttests relative to baseline, 69 ± 6% vs. 34 ± 4%, respectively, mean ± SEM, P < 0.001, unpaired ] i caused by HiK treatment (Fig. 3D ). This condition also prevented ] o .
Conditions that prevent depolarization-evoked Ca 2+ transients fail to reduce depolarization-induced STH and ITH
Pretreatment of sensory neurons in dissociated cell culture with BAPTA-AM (10 μM) for at least 1 h failed to block axonal STH and ITH (expressed as alterations in spike threshold and repetitive firing) that was induced and maintained in 0Ca/EGTA solution (Fig. 4A) . Similarly, pretreatment of ganglia-nerve preparations with BAPTA-AM (10 μM) failed to block STH and ITH induced and maintained in 0Ca/EGTA (Fig. 4B ). Significant differences were observed for 90 min after depolarization. These results suggest that neither Ca 2+ entry nor release of Ca 2+ from intracellular stores is required for the induction or maintenance of axonal STH and ITH.
Although imaging of dissociated axons revealed no detectable Ca 2+ transients under these conditions (Fig.3) , the possibility remained that some Ca 2+ signals might still be present in situ or in vitro. Therefore, we increased the concentrations of EGTA and BAPTA-AM (from 1 mM and 10 μM, respectively) to as high as was compatible with normal baseline responsiveness of the axons.
We found that 10 mM EGTA plus 20 μM BAPTA-AM caused dramatic instability of axonal spike threshold in the ganglia-nerve preparation (not shown), whereas 5 mM EGTA plus 20 μM BAPTA-AM permitted stable baseline responses. Thus, we used 5 mM EGTA plus 20 μM BAPTA-AM to produce "maximal" practical chelation of extracellular and intracellular free Ca
2+
, and again examined the effect of HiK treatment. This increase in the chelator concentrations failed to reduce either the STH or ITH produced by HiK treatment (Fig.4C ).
Other manipulations expected to block or reduce intracellular Ca 2+ transients also failed to affect the magnitude of STH and ITH, including pretreatment of nerve-ganglia preparations with thapsigargin (10 μM) in a nominally Ca 2+ -free solution containing both EGTA (1 mM) and the Ca 2+ ionophore, A23187 (100 μM) (Fig. 4D) (Fig. 5A) . The increase in threshold in the sham-treated axons at 24 h has been seen in previous studies (Weragoda et al. 2004; Weragoda and Walters 2007) and confirms that maintaining the axons in our ex vivo ganglia-nerve preparation over this period reduces axonal excitability. Similar LTH (compared to the excitability of sham-treated axons) was observed when depolarization occurred in 0Ca/EGTA/BAPTA-AM solution to block intracellular Ca 2+ transients (Fig. 5B) . Unlike spike threshold, repetitive firing was not significantly different in HiK-treated axons than sham-treated axons 24 h after depolarization (Fig. 5A,B) , although a trend to increase was noted, similar to the pattern found previously for axonal LTH induced in 1% [Ca 2+ ] o (Weragoda et al. 2004 ). Like the previously described LTH, axonal LTH of spike threshold induced in 0Ca/EGTA/BAPTA-AM solution was blocked by pretreatment with a protein synthesis inhibitor, 
DISCUSSION
Ca
2+ -independent, depolarization-dependent plasticity is unexpected
The present results show that early and late phases of depolarization-induced hyperexcitability of sensory axons can be induced in the absence of detectable Ca 2+ transients. This provides direct evidence for Ca 2+ -independent, depolarization-induced plasticity, which is important because Ca 
Is undetected Ca 2+ signaling involved?
There are two possible explanations for our results. First, despite the lack of a statistically significant Ca 2+ transient during repeated axonal depolarizations in 0Ca/EGTA (1 mM) plus 10 μM BAPTA-AM (Fig. 3D) , plasticity-inducing Ca 2+ transients might have been present that were below the threshold of detection by fura 2 imaging. This would mean that plastic changes were triggered either by 1) Ca 2+ transients that were extremely brief (despite the depolarization lasting 2 min), 2) extraordinarily low concentrations of free Ca 2+ , or 3) high concentrations of free Ca 2+ in protected microdomains that were too small and/or too few to be detected. The general possibility of undetected but biologically significant Ca 2+ signals cannot be eliminated conclusively, but there is evidence against it. Although we sampled at 6-10 s intervals (which might have allowed an early, rapid transient to be missed), the increase in Ca 2+ observed in 0Ca/EGTA without BAPTA-AM often did not peak until > 2 min after the beginning of depolarization (see Fig. 3B ). The sampling was not synchronized to the beginning of the Hi-K treatment, so the probability of observing a very brief transient (of ~ 1 s or longer) in at least 1 of the 9 preparations examined in 17 0Ca/EGTA/BAPTA-AM (Fig. 3D) Weragoda et al., 2004) are effectively eliminated by 0Ca/EGTA solutions.
Indirect evidence that bathing with 10 μM BAPTA-AM yields sufficient intracellular BAPTA to significantly chelate free Ca 2+ during superfusion by 0Ca/EGTA comes from the observation that -free solutions, increasing the EGTA by 5x and the BAPTA-AM by 2x, we obtained the same robust pattern of STH and ITH (Fig.4C) as produced with the lower concentrations of chelators that had blocked detectable Ca 2+ transients (Fig.3D ). (Fig. 4D) , prevented axonal hyperexcitability.
Moreover, conditions that prevent detectable Ca 2+ transients failed to block the induction of protein synthesis-dependent LTH by depolarization (Fig.5) Our results suggest that the induction of axonal hyperexcitability during peripheral injury in Aplysia (Weragoda et al. 2004; Weragoda and Walters 2007) sham and Hi-K treatment outcomes were assessed with 2-way, repeated measures ANOVA followed by Bonferroni posttests. *, P < 0.05; **, P < 0.01. Long-term depression of axonal spike threshold is not prevented by combining the 0Ca/EGTA (1 mM) with BAPTA-AM (10 μM). C, Long-term depression of axonal spike threshold is prevented by adding the protein synthesis inhibitor, emetine (100 μM), to the 0-Ca/EGTA/BAPTA-AM solution. The 0Ca/EGTA/BAPTA-AM and emetine were present from 1 h before to 2 h after HiK treatment. 24-h tests were conducted in 0Ca/EGTA. Differences between sham and HiK treatment outcomes were assessed with unpaired t-tests. *, P < 0.05; **, P < 0.01.
